Abstract-A novel coarse-grained (CG) model to study the self-assembly of silica/surfactant mesostructures during the synthesis of periodic mesoporous silica is reported. Molecular dynamics simulations of hexadecyl trimethylammonium bromide (also called cetyltrimethylammonium bromide, or CTAB) surfactants in water and in aqueous silicate solutions have been performed to understand micelle formation, micelle growth and their size evolution during the synthesis of surfactant-templated mesoporous materials. Direct comparison of density profiles obtained for pre-assembled micelles employing an all-atom description, AA, with those calculated with the CG model has been carried out for checking the validity of the latter model. Good agreement between AA and CG approaches was found, demonstrating the potential of the CG approximation for modeling these highly complex systems. The micelle formation and micelle fusion/fission processes were analyzed after performing long CG simulations for surfactant and ionized silica-surfactant aqueous solutions. We observed the formation of rod-like micelles in the case of silica-surfactant solutions, while spherical micelles were stable under the same conditions for the CTAB+H 2 O system. This demonstrates that the interaction of anionic silicates with cationic surfactants promotes a sphere-to-rod transition in surfactant solutions, a key step in the synthesis of nanoporous silica materials.
INTRODUCTION
The amphiphilic character of surfactant molecules (hydrophobic tail and hydrophilic head) promotes a spontaneous self-assembly in aqueous solution into a variety of different aggregates, including micelles, rods, vesicles and liquid crystals.
The shape and size of these aggregates depend on chemical and environmental conditions like temperature, presence of counter ions, surfactant chain length and concentration [1] . Cationic alkylammonium surfactants are among the most widely studied systems due to their applications as dispersants, detergents, and, more importantly for the present work, as templates for the synthesis of nanoporous materials.
The synthesis of periodic mesoporous silica (PMS) is based on the latter process, whereby a surfactant acts as a template [2] . PMS are well known for their applications in engineering and chemistry, including shape-selective catalysis or selective adsorption, mainly because of their regular pore structure [3] . Despite having been studied for several years using both experimental [4] [5] [6] and theoretical [7] [8] [9] tools, many details of PMS formation mechanism are not yet fully understood, particularly during the early stages of the synthesis process. This lack of knowledge is all the more serious if we consider that the final material properties depend significantly on the early stages of the synthesis [4] . Indeed, although PMS offer the possibility to control the pore size by changing the synthesis conditions, a true a priori design of a material with a given set of desired properties is still an elusive goal.
The synthesis of PMS is conceptually simple, with silica condensing around a surfactant liquid crystal, which imparts the desired pore geometry and is then removed, normally by calcination, to yield an ordered nanoporous silicon oxide material.
However, the physico-chemical mechanisms by which the material is formed are rather complex, involving hydrophobic effects, solvation, chemical reactions and phase equilibrium, all taking place simultaneously. This makes it very difficult to probe the entire process using experimental techniques, and suggests that molecular simulation may be an extremely useful tool to further understand PMS synthesis. However, relatively few simulation studies aiming to model the synthesis of PMS materials have been carried out so far. Siperstein and Gubbins [8, 10] performed Monte Carlo simulations of a lattice model to explore the phase diagram of silica-surfactant-solvent systems, which showed qualitative agreement with experimental observations. Their model was later extended to deal with hybrid organic-inorganic precursors [11, 12] . The main drawback of their approach was the inability of the model to explain the molecular-level details that govern silica/surfactant aggregate formation, relying instead on an assumed effective interaction between those species. Schumacher et al. [13] described the condensation reactions between silicates at the micelle surface, albeit with a much simplified model to ensure computational tractability. Once again, their model relied on an assumed effective attraction between silicates and micelles.
Recently, our group has used a different approach, based on atomistic molecular dynamics (MD) simulations of the initial stages of PMS synthesis [14, 15] . The surfactant model was first validated by carrying out simulations of surfactant/water solutions [16, 17] . Subsequently, several PMS synthesis solutions, including silicates, surfactants, water and counterions, and representing different stages of the synthesis process, were carried out. It was demonstrated that silica monomers (monosilicic acid molecules) adsorb strongly on the surface of the micelles, replacing bromide counterions, and promote the growth of initially small spherical aggregates [14] . As the degree of silica condensation increases, multi-charged silicate oligomers start to interact with more than one micelle at the same time, in what could constitute the first steps of supra-micelle aggregation [15] . Unfortunately, atomistic simulations are currently limited to about 100000 atoms and a time scale of tens of nanoseconds due to high computational requirements. As such, it was necessary to focus on systems with a relatively high concentration and a small-chain surfactant. Importantly, on this time scale it is not possible to study in detail the evolution of micelle fusion/fission processes or to observe sphere-to-rod transitions, which are crucial steps in PMS synthesis. In this work, we attempt to circumvent this limitation by performing much longer simulations of PMS synthesis solutions using a coarse-grained (CG) model. By significantly reducing the number of interaction centers in each molecule and speeding up the dynamics, CG models are able to probe much longer time scales than is possible using atomistic models, and have recently provided new insight into sphere-to-rod transitions in aqueous solutions of ammonium surfactants [18] . We started from the MARTINI force field developed by Marrink et al. [19, 20] , which is able to represent the essential characteristics of several different molecules, including phospholipid surfactants. This model was applied successfully in different surfactant aqueous solutions [18, 21, 22] where the CG procedure was validated by comparing atomistic and CG simulations. In this work, we focused our attention on aqueous solutions of hexadecyl 4 trimethylammonium surfactant (also called cetyltrimethylammonium, and denoted as CTA + ) with bromide counterions (the ion pair is hereafter denoted as CTAB) and neutral, Si(OH) 4 , or anionic, Si(OH) 3 O -, silicate monomers (following our previous nomenclature [15] , the neutral silica monomer is denoted as SN while the anionic form is denoted as SI). These mixtures correspond to the most common starting synthesis conditions for PMS materials. Because there were no available interaction parameters for silicates in the MARTINI force field, we developed our own set of parameters following the original coarse-graining philosophy and validated them against atomistic MD simulations.
This paper is organized as follows. Section 2 shows the systems under study, describes the coarse-graining method and the computational details. Section 3 presents the main results and is divided into two parts: the first part describes the development of a CG model for surfactant/silicate solutions and validation against atomistic simulation results, while in the second part long CG simulations are performed to describe the formation and evolution of micelles during the PMS synthesis process. Section 4 summarizes the main conclusions obtained in this work.
SIMULATION DETAILS
Two different types of MD simulations were performed in this worksimulations starting from individual pre-formed spherical micelles, for calibrating and validating the molecular models, and simulations starting from randomly arranged configurations to study the self-assembly of micelles in the presence of silica during the PMS synthesis process. The former were carried out with both all-atom (AA) and CG models, while the latter were performed only with the CG model in order to probe the long time scales necessary to observe rod-like micelle formation. All simulations were carried out with GROMACS 4.5.5 [23] [24] [25] [26] using a leapfrog algorithm [27] to integrate the equations of motion. The time step for the AA simulations was 2 fs, while for the CG runs it was 30 fs. The simulation box was always cubic with periodic boundary conditions in all directions of space. The temperature (T) was kept fixed at 298 K with the velocity-rescaling thermostat [28] , while the pressure was fixed at 1 bar, when necessary, using the Parrinello-Rahman barostat [29] for the AA case and the Berendsen pressure-coupling method [30] for the CG case.
The energy contributions in the potential function were harmonic angle bending, torsion, Lennard-Jones (LJ) and Coulombic terms. Bond lengths were constrained by the LINCS algorithm [31] in AA simulations. The atomistic models used here were the same as in our previous papers [14, 15, 17] , and detailed tables of parameters are provided in those publications. For the CTAB surfactant we used parameters taken from the OPLS potential [32] . Although in a previous study [17] we showed that a unitedatom description of the surfactant tails yielded a very good description of the properties of decyltrimethylammonium bromide with reduced computational cost relative to a fully atomistic description, we have chosen to use the more realistic AA model for validating the CG potential. The rigid SPC/E potential [33] was used to represent the water molecules, while silicates were represented by our own potential model [14, 15] , which was based on data obtained from quantum mechanical calculations on several neutral and anionic silicates [34] [35] [36] . A shifted LJ potential was employed, where the energy decays smoothly to zero between 1.0-1.1 nm, while long-range electrostatic interactions were evaluated by a combination of particle mesh Ewald and a switching function (PME-Switch keyword in GROMACS) with a cut-off radius of 1.1 nm.
The CG procedure basically consisted of splitting each molecule into beads, depending on its physico-chemical behavior, and then assigning one of the bead types proposed by Marrink et al. [19, 20] . As mentioned in the introduction, the CG model for cationic alkylammonium surfactants was recently successfully validated by Wu et al.
[18] for dodecyltrimethylammonium bromide solutions. We have thus divided our CTA + molecule into five beads with four heavy atoms each (according to the philosophy of the MARTINI force field), where four of the beads correspond to alkyl groups and the last bead represents the hydrophilic head. We assigned the same bead types as Wu et al. [18] , namely C 1 (non-polar) type for alkyl beads and Q 0 (charged) type for the surfactant head, while bromide ions were described by a single charged Q a (hydrogen-bond acceptor) bead. It is worth noting that the bromide CG bead implicitly contains 6 solvating water molecules, as prescribed by Marrink et al. [19, 20] coarse-graining procedure for all molecules can be seen in Figure 1 . Following the procedure of Marrink et al. [19, 20] , a shifted LJ energy function was used to describe non-bonded interactions, with parameters taken from the MARTINI 2.0 force field (a full interaction matrix is available in the original publication [20] randomly dispersing all components of the solution within the simulation box using PACKMOL. This was followed by energy minimization and quick NVT and NpT equilibration runs. The production runs were as long as 7.6 µs. It is important to notice that apart from allowing for the use of a larger time step in MD, the process of coarsegraining also intrinsically speeds up the dynamics by a factor between 2 and 10, depending on the nature of the system [19] . However, because in this paper we are not concerned with the absolute values of dynamical properties, the time that we report in our results is the simulation time (i.e., simply the number of frames multiplied by the time step). Following Marrink et al. [19] , it is possible to obtain a reasonable estimate of the effective time (closer to the real time scale) by multiplying the simulation time by 4.
Individual micellar aggregates in each simulation were identified using an inhouse code based on the Hoshen-Kopelman cluster-counting algorithm [48] . In the atomistic simulations, following our previous work [17] , two surfactant molecules were considered to belong to the same aggregate if any of their last four tail carbon atoms were separated by no more than 0.64 nm (corresponding to the first minimum in the radial distribution function between tail carbon atoms). This criterion had to be adapted for the CG model due to the reduction in atomistic detail -based on the same principles, two surfactants belonged to the same aggregate if their last tail beads (equivalent to four ethyl/methyl groups) were located at a distance below 1.2 nm. This criterion was tested by comparing results of the cluster-counting procedure with visual inspection of selected simulation snapshots.
RESULTS AND DISCUSSION
In the first part of this section (section 3.1) we begin by presenting the results of AA and CG simulations starting from preassembled micelles with the aim of developing and validating a new CG model for silicates. In the second part (section 3.2), results from long CG simulations starting from random initial configurations will be displayed, comparing the micelle formation and evolution in solutions with and without silicates.
CG model validation for silica-surfactant solutions
Because silicic acid is very unstable and reacts very quickly in solution to form polymeric silicates [49] , there are no pure-fluid experimental properties (e.g., density, enthalpy of vaporization, etc.) that can be used to calibrate the model. Therefore, following previous coarse-graining strategies [18] [19] [20] , we have developed our model based on a comparison between AA and CG simulation results for the structure of preformed spherical micelles of the same size, particularly by comparing the density profiles measured from the centre of mass (COM) of the micelle. As we will see below, this turns out to be a rather stringent test for our parameter set for CG silicates.
We begin by testing the capability of the CG representation of the surfactant by comparing density profiles for a single CTAB micelle in water, shown in Figure 2 . In order to identify the different parts of each molecule in the density plots, we have assigned the nitrogen and the surrounding three methyl groups as part of the head group in the case of the AA surfactant, and the corresponding Q 0 bead for the CG model, both shown in purple. The rest of the surfactant molecule is assigned to the tail, shown in green, the bromide ions are shown in black, while the solvent is always shown in blue.
The profiles in Figure 2 show the typical structure of a cationic surfactant micelle -the hydrophobic core is composed of only tail atoms, which are separated from the solvent by a well-defined layer of head group atoms. It can also be seen how the bromide ions arrange themselves close to the surface of the micelle on the solvent side of the head group layer, forming a rather diffuse counterion Stern layer to balance the positive charge of the surfactant heads. It is important to remember that the bromide ions were placed in random positions surrounding the micelle surface at the beginning of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 simulations. Also, in Figure 2 we can see how the solvent penetrates slightly into the micelle surface, as expected for this type of surfactant [17, 50] . The profiles for AA and CG simulations, plotted in straight and dotted lines, respectively, show excellent agreement in the relative location of each type of atom. The average value of the bulk water density is slightly underestimated in the CG model (a well-known consequence of the coarse-graining procedure [19, 20] ), while the density of the hydrophobic core is slightly overestimated. The important observation, however, is that both AA and CG micelles have analogous structures, thus showing that the CG model represents very well the behavior of CTAB surfactants in aqueous solution, which is in agreement with previous conclusions by Wu et al. [18] .
For modeling silicates, our initial approach was to consider only CG bead types already included in the MARTINI force field. Thus, ionized silicates were tentatively represented by one bead of the Q da type (the subscript "da" stands for donor-acceptor hydrogen-bond character [19, 20] ), while neutral silicates were represented by a polar P 5 bead type. In Figure 3 we show the results for CTA + +SI+H 2 O and CTAB+SN+H 2 O, where the silicate density profile is shown in red. As for the CTAB+H 2 O system, the profiles for the tails, heads and solvent match well between AA and CG models. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 agreement with the atomistic density profiles was obtained. To reduce the number of adjustable parameters, the silicate-head interaction was also maintained at the original value (ε=4.5 kJ·mol -1 ) and we assigned the silicate self-interactions as supra-attractive.
Our rationale was to change only interactions involving silicates in order to maintain the correct behavior for CTAB-H 2 O solutions (thus the dielectric constant of the medium was kept unchanged), ensure maximum consistency with the original MARTINI forcefield (thus the bead size was kept constant), and minimize the degrees of freedom of the model fit (so only the LJ well-depths for silicate-tail and silicate-solvent interactions were changed).
Following the above reasoning, we progressively increased the silicate-tail interaction energy, decreased the silicate-solvent energy, or both. It is important to remark that for each of these interactions we have limited ourselves to the 10 discrete levels of energy prescribed in the MARTINI 2.0 force field [19] . Figures S1-S7 in the supporting information qualitatively show the effect of several parameter choices on the micelle density profiles. Generally speaking, when the ratio between ε SI-C1 and ε SI-P4 is too low, the silicate particles are excessively soluble in water and the silicate peak is more diffuse and located on the outside of the head group. Conversely, when this ratio is too high, the silicate density peak moves to the inside of the micelle surface but a significant amount of silica is dissolved inside the hydrophobic core (cf. Figure S2 ). It is also interesting to note that for some parameter combinations the micelle structure was compromised, and completely unrealistic results were obtained ( Figure S3 ). The best compromise for the interactions between silicates and the other components of the system was obtained by increasing the silicate-tail interaction from 2.0 to 3.5 kJ·mol
and decreasing the silicate-solvent interaction from 5.6 to 4.5 kJ·mol -1 , relative to the original Q da particle. This bead, which we term Q SI (meaning "charged silicate" bead)
yields the best quantitative agreement between CG and AA density profiles, as can be seen in Figure 4 (c.f. Figure S4 for a comparison of the four CG models considered for SI), and is thus the proposed model for anionic silicate monomers in this aqueous surfactant solution.
In the case of neutral silicates we followed the same procedure and a similar effect of the balance between silicate-tail and silicate-solvent interaction was observed (Figs S5-S7). In Figure 5 we can see that the best results were obtained for the new particle type, which we call P SN . It can be seen that the CG silicates are now located inside the micelle head group and very close to the AA silicate position, but with negligible solubility inside the hydrophobic core. Interestingly, the values of ε SI-C1 and ε SI-P4 for the new neutral P SN bead are precisely the same as for the new anionic silicate bead (Q SI ) described above, which affords additional physical consistency to our model.
For completion, Table 1 shows the interaction parameters between both new silicate CG particles and all other components of the system. To summarize this section, a new CG model for silicates in aqueous surfactant solutions has been proposed, thus allowing us to study PMS precursor solutions by long MD simulations, in the range of several microseconds where micelle fusion/fission processes and shape transitions can be explored. This will be the focus of the next section.
Coarse-grained simulations of self-assembly in PMS synthesis solutions
The coarse-graining procedure as implemented in the MARTINI force field brings about a reduction of the interaction centers in the system by about a factor of 10 (depending on the details of the site mapping) relative to a fully atomistic description, allows for the use of a time step that is about 10 times larger, and speeds up the intrinsic dynamics of the simulation by about a factor of four [19, 20] . Thus, the advantages of CG over AA are a significant reduction in simulation time by about two orders of magnitude and in storage requirements by about one order of magnitude on average.
These advantages are essential for simulating long-chain surfactant molecules like CTAB, and allow us to probe much later stages of silica-surfactant self-assembly than previously accessible using atomistic models [14, 15] .
Using the new CG silicate models developed in the previous section, we have shown in Figure 6a , where we can see how initially small aggregates grow into larger ones to form eight micelles with an average aggregation number of 112, as shown in Table 2 . The formation process of micelles in this class of surfactants has been previously studied in detail by atomistic simulations [17] . The average aggregation number and micelle radius of gyration were obtained by our cluster counting program.
The components of the radius of gyration, R i , also shown in Table 2 , point to a prolate [46] were reported. In the same way, the aggregation number 112, shown in Table 2 for CTAB+H 2 O micelles, is similar to experimental estimates, 104 (0.05 M) [45] , and 110 (0.1 M) [51] .
A different behavior was obtained for the CTA + +SI+H 2 O system where we can observe in Figure 6b the formation of a single rod-like micelle that completely crosses the entire simulation cell. For this system, the second-last row in Table 2 shows one isolated aggregate which contains all the surfactant molecules in the simulation (900).
The two smallest components of the radius of gyration, R x and R y , are similar, while the third component, R z , is much larger, which indicates a rod-like structure. The driving force for this sphere-to-rod transition is the strong interaction of anionic silicates with the cationic head groups at the surface of the micelle. This strong adsorption of silicates helps to more effectively screen the repulsion between the cationic head groups of the surfactant, leading to a smaller effective area per head group at equilibrium. In other words, upon addition of silica the packing parameter described by Israelachvili 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (e.g., second frame of Fig. 8 ) but subsequently retreat. Eventually, a rather large bridge is formed between the two aggregates, composed mainly of silicates and charged head groups (fourth frame of Fig. 8 ). Soon after this, tail beads of surfactants belonging to different micelles start to make contact (fifth frame of Fig. 8) , and the new aggregate quickly equilibrates to a more stable rod-like shape (sixth frame of Fig. 8 ). From this analysis, it appears that the critical step for micelle fusion is the formation of an "ionic bridge" between the two micelles, reinforcing the role of silicates in the sphere-to-rod transition process. The mechanism of sphere-to-rod transition that we observe in our simulations, by fusion of rather large initial micelles, is in agreement with some experimental interpretations [56] [57] [58] [59] , but is in contrast to other experimental work suggesting that this transition takes place through successive monomer addition events [60] . In this context, our simulations support recent theoretical studies demonstrating that in many realistic cases, micelle fusion events play an important role in the equilibration of surfactant solutions [61] .
In our previous atomistic study of PMS precursor solutions [15] , we also simulated a system in which silicates were added to a previously equilibrated and the simulation was run for 4 µs after the addition of TMASI. Figure 9 shows the configurations before and after silica addition to the system, while Figure 10 compares the micelle density profiles for those two situations.
Our results for the exchange solution clearly show that the behavior is the same as for the solution starting from a random distribution and containing only silicate anions. In fact, the silicates quickly replace the bromide ions at the surface of the micelle, adsorbing once again on the inside of the head group region (Fig. 10) . The bromide peak is significantly reduced relative to the case without silica, indicating that bromide ions are indeed displaced into the bulk solution by the adsorbing anionic silicates. TMA ions are mostly dispersed in the bulk aqueous phase and have negligible effect on the micelle structures. As for the CTA + +SI+H 2 O case, the strong adsorption of silicates screens the head group repulsion and leads to the formation of rod-like micelles. These simulations clearly show that it is the silicates that are controlling the sphere-to-rod transition in the precursor PMS solutions.
In the silicate solutions discussed above, all silica monomers are anionic (i.e., singly deprotonated). This corresponds to solutions with a very high pH (~14). In reality, PMS synthesis takes place at somewhat lower pH values (around 11 [2] ), and precursor solutions will be characterized by a distribution of neutral and anionic silicates [14] . To analyze the effect of pH on the micelle evolution, we carried out two simulations analogous to the CTA + +SI+H 2 O system but with two different ratios of neutral to anionic monomers -one corresponding to pH=11 (28 SN and 872 SI molecules), a typical value for PMS synthesis, and another to pH=9.5 (450 SN and 450 SI), which is equal to the pKa of monosilicic acid [62] . Snapshots of these three simulations after about 1.4 µs are shown in Figure 11 . It is clear that at pH=11, the system behaves in much the same way as the original solution containing only SI -the strong adsorption of anionic silicates leads quickly to rod formation. However, at pH=9.5 the sphere-to-rod transition appears at least to be slower than at high pH. This makes physical sense, since the driving force for rod formation is the screening of the repulsive interactions between surfactant head groups by the anionic silicates that adsorb on the micelle surface (see discussion above). At pH=9.5, even though neutral silicates also adsorb on the micelle surface, the electrostatic screening is not as effective since there are fewer anionic silicates to balance the positive charge of the surfactant heads. Nevertheless, judging by the evolution of the system, it seems likely that complete rod formation would be achieved at longer simulation times.
CONCLUSIONS
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